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ARTICLE
Archean phosphorus liberation induced by iron
redox geochemistry
Barry Herschy1, Sae Jung Chang2,3, Ruth Blake3, Aivo Lepland4, Heather Abbott-Lyon5, Jacqueline Sampson1,
Zachary Atlas1, Terence P. Kee6 & Matthew A. Pasek1
The element phosphorus (P) is central to ecosystem growth and is proposed to be a limiting
nutrient for life. The Archean ocean may have been strongly phosphorus-limited due to the
selective binding of phosphate to iron oxyhydroxide. Here we report a new route to solubi-
lizing phosphorus in the ancient oceans: reduction of phosphate to phosphite by iron(II) at
low (<200 °C) diagenetic temperatures. Reduction of phosphate to phosphite was likely
widespread in the Archean, as the reaction occurs rapidly and is demonstrated from ther-
mochemical modeling, experimental analogs, and detection of phosphite in early Archean
rocks. We further demonstrate that the higher solubility of phosphite compared to phosphate
results in the liberation of phosphorus from ferruginous sediments. This phosphite is rela-
tively stable after its formation, allowing its accumulation in the early oceans. As such,
phosphorus, not as phosphate but as phosphite, could have been a major nutrient in early
pre-oxygenated oceans.
DOI: 10.1038/s41467-018-03835-3 OPEN
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Phosphorus limitation in the Archean eon has been proposedto have limited the fecundity of the early Earth1–4.Although the extent of removal by iron oxyhydroxide
(IOH) has been a matter of question due to competition by
silica5, 6 and arsenic7, 8, a phosphorus-depleted Archean ocean
would have affected the development and diversiﬁcation of life on
the Earth. The effect of diagenesis on Archean phosphorus (P)
remobilization is largely unknown, due to numerous factors such
as oxygen levels, sedimentary rates, and temperature9 that may
affect the phosphate speciation and mineralization. The main
pathway for remobilization of sedimentary phosphate today is
through the decay of organic matter, although the early Archean
microbial reduction of ferric to ferrous iron may have remobilized
IOH-bound P, as ferrous phosphates are signiﬁcantly more
soluble in water10. Remobilization would have allowed the release
of P into the interstitial waters, though some would have been
rebound by IOH in overlying sedimentary layers. The operating
hypothesis for phosphate diagenesis is that phosphate does not
change oxidation state; in most geochemical studies, phosphates
are considered synonymous with total phosphorus.
An alternative to phosphate is the ion phosphite (HPO32−), an
ion that is more soluble in the presence of divalent cation salts than
phosphate. Geochemical occurrences of phosphite are sparse: it has
been found in trace amounts in hydrothermal water systems of Hot
Creek Gorge, Mammoth Lakes, CA11, and within some rocks
struck by lightning12. Mulkidjanian et al.13 proposed that the
geothermal reduction of phosphate to phosphite occurs principally
by high-temperature heating in the presence of carbon and iron,
within volcanic hydrothermal systems thought to be common on
the early Earth. After the discovery of phosphite in geothermal
waters by Pech et al.11, reduced P was also found in modern,
natural water samples14, 15, though biological redox cycling is the
likely source of phosphite in these systems. These results were
geochemically surprising, as the prevalent oxidizing conditions on
Earth should conﬁne P to the pentavalent oxidation state, and P
occurs principally as the mineral apatite in surface rocks16. In
contrast, the ability to use reduced P compounds as a sole P source
is widespread in microbiological systems17, 18. These organisms,
such as the bacteria, Desulfotignum phosphitoxidans, can use
phosphite as part of their metabolic cycle19. If these organisms are
ubiquitous, their widespread occurrence is consistent with the
presence of unrecognized sources of reduced P species.
We propose here that phosphorus may not have been
ecosystem-limiting on the early Earth, because of the existence
of a hitherto unrecognized phosphate reduction process exten-
sively active on the early Earth. We demonstrate that phosphate
was reduced to phosphite by ferrous iron, even at the low tem-
peratures (<200 °C) of sedimentary diagenesis. Such conditions
would have been widespread on the Archean Earth, before the
oxidation of the atmosphere, known as Great Oxygenation Event
(GOE) at c. 2.4 Ga20–22. In the nominal reaction, phosphate
(HPO42−) is reduced to phosphite (HPO32−) by the concurrent
oxidation of iron (II). Phosphite formed through reaction with
iron(II) would have been extensively mobilized because of its high
solubility in water, compared with phosphate, and the total P
concentrations may have approached 100–1000 times those
predicted from IOH binding experiments. The presence of
reduced phosphorus compounds would hence not be limited to
the requirements of meteoritic impact and weathering for
release23, 24, and could potentially account for the elevated levels
of phosphite present in early Archean carbonates25.
Results
Archean rock analysis. Pasek et al.25 ﬁrst reported the presence
of phosphite in early Archean sedimentary carbonates from the
Pilbara Craton, Australia, and attributed this phosphite to reac-
tive, meteoritic sources of phosphorus on the early Earth. Here,
we expand on the suite of early Archean rocks and report data on
the samples collected from the supracrustal succession of the Isua
belt and the Akilia enclave, western Greenland. The age on the
Isua Supracrustal Belt is 3.7–3.8 Ga26, whereas the age of the
Akilia enclave is controversial, either c. 3.85 Ga27, 28 or c. 3.65
Ga29, 30. Both Isua and Akilia rocks have experienced deforma-
tion, metasomatism, and metamorphism, that in Isua has reached
amphibolite facies, and in Akilia, granulite facies27, 31–35. Isua
samples were collected from the “low strain” domain36 in the
northwestern part of the belt and represent chemical sediments,
such as banded iron formations (BIF) and metacherts, and
metacarbonates that have metasomatic origin. Apatite occurring
in BIF and metacherts have trace element signatures consistent
with Archean seawater37. The studied Akilia sample is from the
quartz-amphibole-pyroxene unit. The protolith of that unit,
either chemical sediment or metasomatised ultramaﬁc rock27, 34,
has been debated in the literature. The trace element character-
istics of the whole-rock and apatite in the best preserved parts of
the quartz-amphibole-pyroxene unit are consistent with a sedi-
mentary origin38.
The samples were analyzed, using High Performance Liquid
Chromatography-Inductively Coupled Plasma-Mass Spectrome-
try (HPLC–ICP–MS), to identify P speciation within the rock
extracts (Table 1, Fig. 1, Methods, Supplementary Fig. 1). The
analyses show that phosphite was present in these rock samples at
levels of 1–100 ppm by weight (as HPO32−), or about 0.01% to a
few percent of the total P. These ﬁndings show that phosphite was
indeed present in Archean rocks, and that phosphite may have
been common in early oceans, especially since reduction occurs
rapidly, and phosphite is readily extractable (see below). Although
the source of phosphite was not established in the Pilbara
carbonates, it was previously hedged to be meteoritic25, because
of the high ﬂux of meteorites to the Earth in early Archean and
Hadean23. At present, we do not know the phase associated with
this phosphite in these rocks, nor do we know if the phosphite
was formed during diagenesis or metamorphism, or even if it was
captured when the rocks were initially deposited.
Thermodynamic modeling. In addition to meteoritic sources,
reduction of phosphate to phosphite by abiotic redox reactions
may have provided phosphite to the Archean oceans. Though the
source of phosphite in these Archean rocks cannot be speciﬁcally
identiﬁed, the reduction of phosphate by Fe(II) is facile. We
modeled the reduction of phosphate by common geochemical
reducing agents, including hydrogen, ammonia, hydrogen sulﬁde,
Table 1 Sample site designation, rock types, and phosphorus
speciation
Sample name Rock location and type HPO32−
ppm (P3+)
PO43−ppma
(P5+)
ISUA-AL7-2 Isua metacarbonate 1.1 10
ISUA-AL-44 Isua metacarbonate 13 0.43
ISUA-AL-8-1 Isua metacarbonate 0.85 22
ISUA-AL-42 Isua metachert 21 10
AKILIA-AK98 Akilia quartzite-
amphibole-pyroxene
rock
110 34
ISUA-AL35-6 Isua BIF 10 32
ISUA-AL-15 Isua BIF 27 32
a Note: phosphorus was extracted using acetic acid and sodium acetate. All phosphate may not
have been extracted using this method, and total P content is typically around 1000 ppm (or, as
PO43−, about 2500 ppm)
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and ferrous iron, among others (see Methods, Supplementary
Figs. 2, 3), with the result showing that only a few inorganic
reagents are capable of reducing phosphate. Reduction of phos-
phate by ferrous iron (as FeO) occurs up to a few percent of the
total phosphorus at relatively low temperature (<200 °C), whereas
other reductants either do not reduce phosphate to any signiﬁcant
extent, or do so at high temperature (>500 °C). However, given
that ferrous iron was likely stable on the Earth’s surface before
GOE, it is quite likely that reduction of phosphate by low-
temperature oxidation of iron is the source of phosphite within
the Archean rocks.
Experimental phosphate reduction. Motivated by the feasibility
of reduction from thermodynamic modeling, phosphate reduc-
tion by ferrous iron is demonstrated by laboratory simulation.
Phosphate, when heated with iron (II) to 160–200 °C under a
dinitrogen atmosphere, is reduced to phosphite at up to 4% of the
total P speciation (Fig. 2, see Methods). These experiments con-
ﬁrm that moderate heating of phosphate in simulated sedimen-
tary diagenetic or low temperature hydrothermal conditions26 in
the presence of ferrous iron, can lead to production of phosphite,
after only a few days of heating. Under higher temperatures
(>200 °C), the models described above predict that more phos-
phate will be reduced, but experimentally we ﬁnd that formation
of the phosphate dimer (pyrophosphate, P2O74−) competes with
reduction. Since this reaction releases H2O, it is possible that
under higher pressures reduction is favored, instead of H2O(g)
loss. Thus, the phosphite present within the Archean samples is
most consistent with the heating of phosphate along with the
oxidation of iron (II), and required only relatively low tempera-
tures to proceed, though higher temperatures may have also led to
reduction.
Solutional experiments and modeling. Furthermore, ferrous and
ferric phosphite salts are also more soluble than the equivalent
iron phosphate salts, by a factor of 102–104× (see Supplementary
Table 1). This increased solubility could have affected the ocean
chemistry substantially, as shown by a simple thermodynamic
mass-balance model that incorporates the above thermodynamic
calculations with iron phosphate/phosphite solubility predictions.
In this model, water ﬂowing through ferruginous sediments,
containing some iron phosphate and iron phosphite formed by
reduction (Methods), preferentially extracts phosphite, ﬂushing it
out to the ocean at a concentration of 10−4 M (Fig. 3a), and
requiring relatively low amounts of water to completely extract
phosphite. If hydrothermal ﬂuid ﬂuxes39 were active at present
day rates or higher on the early Earth, the ocean could have
reached iron-phosphite saturation with 10−4 M phosphite, glob-
ally, in less than one million years, assuming minimal phosphite
oxidation (Fig. 3b).
Discussion
In such a scenario, the early Earth oceans were enriched with
phosphorus as phosphite. The total phosphorus content of the
early oceans could have been up to 1000× greater than if con-
trolled by IOH-binding, as previously predicted. Given that most
microbial systems primarily use phosphorus as phosphate,
microbes would either have had to have waited for the (slow)
oxidation of phosphite to phosphate, or would have had the genes
necessary for phosphite oxidation, a similar scenario as modern
microbes. Given that there is a widespread distribution of
phosphite-utilizing genes in the modern microbiome17, and that
microbial strains bearing these genes diverged billions of years
ago (Methods), it is possible that the ability to use phosphite as a
sole P nutrient is an artifact of ancient ocean chemistry, though
horizontal gene transfer may be a more likely explanation. In
either case, phosphorus may not have been as critical a limiting
nutrient, relative to other key elements.
This model is predicated on two hypotheses. The ﬁrst is that
iron and phosphorus co-occurred within the sediments in the
Archean. The thermodynamic calculations here modeled this
behavior, assuming P was initially in vivianite (with parallels to
modern lakes)40; however, calcium phosphate minerals may also
be susceptible to reduction to produce phosphite12. Iron and
phosphate, even if the latter occurs in calcium phosphates, were
likely closely associated in many Archean sediments, and have
already been co-located in hydrothermal plumes off the southern
East Paciﬁc Rise41, with later diagenesis perhaps altering these
minerals to release phosphite.
Secondly, the oxidation of phosphite is presumed to be slow
enough to allow high concentrations to accumulate. Oxidation of
phosphite has both an abiotic and a biologic component. As
evidence for the presumed stability of phosphite, abiotic oxidation
experiments demonstrate low susceptibility for the calcium
phosphite salt toward oxidation25. In addition, the oxidation of
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Fig. 1 Chromatogram of phosphorus speciation of sample AKILIA-AK98.
m/z+ 47 (PO) was observed by ICP–MS. The peak at 6min matches
phosphite and the peak at 9.5 min matches the retention time of phosphate
(Methods)
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Fig. 2 NMR spectrum of heated Fe2+ and phosphate solution. Proton-
coupled 31P NMR of a solution of FeCl2 and Na2HPO4 heated to dryness
(180 °C), under ﬂowing N2. All compounds are references to an external
standard of 85% H3PO4 (0 ppm, as a frequency spectrum referenced to
H3PO4 at 161.9MHz). Phosphate is at 5.8 ppm, and pyrophosphate
(HP2O73−) is at −4.2 ppm. The small doublet at 4.95 and 1.46 ppm
corresponds to phosphite (4% of total area), identiﬁed by its large H–P J-
coupling constant of 565 Hz23
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ferrous phosphite is demonstrated to occur at temperatures
higher than 300 °C in air, suggesting that at lower partial pres-
sures of oxygen (~10−5 × present atmospheric level), little oxi-
dation will occur under typical geologic conditions (phosphite
oxidation half-life ~6 × 105 years, see Supplementary Fig. 4). The
abiotic oxidation of dissolved phosphite proceeds most effectively
by a radical reaction16, 42, and oxidation of the phosphite solu-
tions under air occurs slowly (half-life in air ~1000 years, see
Methods, Supplementary Tables 2, 3), arguing that oxidation in
early low O2 environments should have occurred very slowly.
Biologic oxidation may have been important in the Archean,
although calculations of enzymatic oxidation rates suggest that
the rate of biologic oxidation is close to the predicted abiotic
oxidation rate (see Supplementary Fig. 5, Methods). In addition,
biologic oxidation of the reduced P is driven by a few enzymes,
several of which require O2 for redox17. This oxidation would
have necessarily occurred over geologic timescales, possibly after
the end of the Archean. If phosphite were a major P-bearing
species in the Archean ocean, then its oxidation to phosphate
near the time of the GOE 2.4 Ga could have been captured in the
sedimentary record. The formation of the ﬁrst global phosphor-
ites occurred in the Proterozoic 1.7–2.2 Ga37, 43, 44. Before this
period, phosphorites were rare. Whether or not phosphite oxi-
dation may be linked to the large-scale phosphate deposition in
the Proterozoic is unclear, but the timing of these events suggests
the possibility, and the mass balance of P possibly present as
phosphite in the ocean greatly exceeds the total reserves of
phosphorites in Proterozoic rocks43.
The diagenesis of ferrous iron and phosphate minerals to form
phosphite in Archean rocks may account, at least in part, for the
lower-than-expected P content associated with ferruginous sedi-
ment3. The loss of crystalline or adsorbed water by ferruginous
sediments at temperatures around 200 °C will result in the pre-
ferential extraction of the phosphite ion as water escapes the
sediment, resulting in a lower total P in the rock than without
reduction. The removal of 75% of phosphorus from a rock
requires about 100 L of water to ﬂow through 1 kg of rock, if
buffered by the solubility of ferrous phosphite. If instead, the
ﬂuids have lower iron concentrations because of the precipitation
of other minerals, then the extraction is instead dependent on the
amount and rate of reduction of phosphate, requiring even less
ﬂuid (Fig. 3). Although the investigation here did not measure
phosphite within late Archean banded-iron formation rocks (e.g.,
ref. 3), the processes active within the early Archean should not
have varied signiﬁcantly; reduction of phosphate requires only
low-temperature diagenetic interaction with ferrous iron, which
may have been favored during BIF deposition before the GOE3.
Methods
Samples. Samples were collected from Southwest Greenland during ﬁeld cam-
paigns in the previous work in the Isua Supercrustal Belt and Akilia37, 45, 46.
Phosphate to phosphite reduction experiments. Dibasic sodium phosphate
(Na2HPO4, 1 mM) and ferrous chloride (FeCl2 · 4H2O, 3 mM) was dissolved in
deionized water (10 mL) and stirred for 10 min, while adjusting to pH 4. This was
reduced to dryness on a rotary evaporator, and the residues were heated under a
constant nitrogen ﬂow at 180 °C over a sand bath for 72 h. The heated residue was
washed with deionized water (10 mL), ﬁltered through 0.45 μm syringe ﬁlter before
being again reduced to dryness and dissolved in deuterium oxide (1 mL) for 31P
{1H} Nuclear Magnetic Resonance (NMR) analysis (Varian 400MHz NMR at
USF).
Analysis of the samples showed the presence of phosphate (singlet, 80%, 5.5
ppm), pyrophosphate (singlet, 15%, −5.5 ppm), and phosphite (doublet, 5%, 3.2
ppm). Previous studies on phosphate heating have shown the effective production
of pyrophosphate at temperatures exceeding 180 °C, but never the presence of
phosphite from this process47. To conﬁrm that ferrous iron (Fe2+) was responsible
for the reduction of phosphate, control experiments were conducted using metallic
iron (Fe0) and ferric iron (Fe3+) in place of ferrous iron, also one experiment with
no iron present. Both the iron experiments and the phosphate only experiment
showed the presence of only P5+, conﬁrming the role of ferrous iron in the
reduction process. We decided to test this further and were also able to reduce
phosphite (P3+) to hypophosphite (P1+) through the same process.
We note that the amount of phosphite obtained in our experiments was higher
than expected from the in silico modeling below; this is thought because of the
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Fig. 3Model results of the extraction of phosphite and its predicted steady-
state abundance in an anoxic ocean. a Water-rock ratios required to
completely extract phosphite from ferruginous sediments (0.3% P,
Fe2+/Fe3+ of 1/1). These calculations assume a total P content of 0.3% by
weight, and that the P is in vivianite [Fe3(PO4)2·8H2O] or ferric phosphite—
Fe2(HPO3)3. Then, using the solubility data determined experimentally
(ED), the quantity of water (pH 7.2) needed to completely dissolve
phosphite was determined using the thermodynamic modeling program
HSC Chemistry (Methods). Two scenarios were investigated: one where
the water in contact with the rock had a starting Fe2+ concentration of 10
−6M, and other, with a concentration of 10−3 M. The amount of phosphite
predicted to form from thermodynamics and shown to form from
experimental reduction, also imply that lower quantities of phosphite
produced at low temperatures (<160 °C) will also be easily extracted at low
water-rock ratios. b Steady-state concentration of phosphite predicted
within the early oceans, as a function of molarity of phosphite dissolved
from rock after diagenesis, oxidative half-life of phosphite for modern day
hydrothermal ﬂuid ﬂuxes, and the higher values that might be expected in
the Archean28. The blue square corresponds to the predicted phosphite ﬂux
from Fig. 3a, with the measured oxidative half-life of Fe(H2PO3)2 under low
O2 conditions (Methods). The yellow circle corresponds to the current
measurements of half-life oxidation by biology18 with the concentration of
phosphite found within the ocean15, which implies a very high ﬂux from
sediments or hydrothermal sources, or more likely indicating that oceanic
phosphite is not currently steady state, with respect to abiotic sources. This
biotic oxidation rate is likely overestimated (Methods)
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model predictions using solution chemistry, while our experimental setup was non-
solutional.
Phosphite salt solubility. Mg, Fe, Ca, and Al salts of phosphite were synthesized
by the slow addition of a sodium phosphite solution (0.1 M) to a solution of metal
chloride (in this case, MgCl2, FeCl2, FeCl3, CaCl2, and AlCl3). In each case, the
resulting precipitate was collected, and dried under vacuum. The Fe2+ salt was
stored in a glove box under N2. A 0.01 g sample of each powder was then placed in
10 mL of 18.2 MΩ doubly deionized water and stirred for one day. The solutions
were then analyzed by ICP–OES (Perkin Elmer Optima 2000DV at USF) to
determine the metal ion concentration and phosphorus concentration, and was
calibrated with standards of each ion of interest, with concentrations between 10−5
and 10−3 M. Results of each dissolution are shown as Supplementary Table 1, and
compared with similar phosphate minerals.
HPLC–ICP–MS methods. A Perkin Elmer S200 High Performance Liquid Chro-
matograph, capable of coupling to a Perkin Elmer Elan DRC II inductively coupled
plasma mass spectrometer (HPLC–ICP–MS at USF), was used for this study. For
each sample, a 0.1 g sample of powdered rock was extracted with a 1 mL solution of
0.5 M acetic acid/sodium acetate buffer. General methods were modiﬁed from
those used for P speciation with ion chromatography (IC) and IC electro-spray
mass spectrometry48–50, and optimized for HPLC–ICP–MS. A Dionex IonPac®
AS17C chromatographic column, with an AG17 Guard Column ﬁtted on the
HPLC. All standards samples and blanks were mixed or prepared using 18MΩ
water or doubly distilled 18 MΩ water, distilled acids, and ACS grade or better solid
reagents. Calibration and single species standards were mixed just before analysis.
Initial trials eluted 50 μL of sample with either 35 mM KOH or NaOH
(recommended eluent for the AS17C column) as a mobile phase, but NaOH
achieved poor separation under all conditions tried, and hence was abandoned. As
liquids with high concentrations of total dissolved solids are known to deposit and
coat the ICP–MS cones and lens, attempts to ascertain the lowest molar
concentration that could be used to adequately separate phosphorus species were
taken. We applied multiple gradients from 0% KOH, 100% water to 100% 35 mM
KOH in various combinations. Best results were found using linear gradients, using
a starting concentration of KOH of 3.5 mM for the ﬁrst 2 min and then ramping up
to 35 mM over the course of 10 min, and then remaining at 35 mM for the last 10
min at a 1.0 mL/min ﬂow rate. Peak pressures in the HPLC did not exceed 3000 PSI
during the course of the run. Preferred analytical conditions on the HPLC are
provided in the previous work14. The ICP–MS was run at 1300W RF power to
effectively ionize phosphorus, which has a high ﬁrst ionization potential. Nebulizer
ﬂow and lens voltage was adjusted to optimize for maximal signal intensity on
phosphorus.
The Perkin Elmer Elan II DRC series is equipped with a reaction cell situated in
line to the detector used to eliminate the interferences, with the aid of a reaction gas
to either combine the species of interest into a molecular species at a different mass
or by reaction with the interfering species. Following the methods used for analysis
of arsenic (As with m/z= 75 is converted to AsO with m/z= 91 to avoid molecular
interferences)14, we charged the reaction cell with oxygen to convert 31P to P–O
(m/z= 47). This was done to reduce/avoid the interference from 15N16O. Although
the total abundance of 15N is low, the atmospheric interface on the ICP nearly
assures that a substantial signal from 15N16O will always be present. Therefore,
conversion of 31P to P–O should work to lower the background and enhance the
signal to noise ratio in a similar fashion, as arsenic conversion to AsO14.
A series of standards was prepared from commercially available
hypophosphorous acid, phosphoric acid, and phosphorous acid in analytical grade
18MΩ DI–H2O to make 1 × 10−3 M solutions for each species, which in turn were
serially diluted to make individual standards with concentrations ranging from 1 ×
10−9 M to 1 × 10−4 M. Mixed species standards were also prepared over the same
concentration range to check for adequate separation and detection, and to test the
lower limits of instrument detection on the acquisition of P at m/z= 31 (standard
mode) and P–O at m/z= 47 (reaction mode). Standards were stored in brown
glasses or opaque HDPE containers for not more than 4 days at 4 °C, and then
discarded. No notable concentration difference was found for species stored in
HDPE vs. glass. Analytical trials were conducted with these general conditions with
detection on the ICP–MS as either P at m/z= 31 or as PO at m/z= 47 to conﬁrm
which detection method offered the best response (Supplementary Fig. 1).
Thermodynamics of reduction. Thermodynamic equilibrium modeling was done
using HSC Chemistry (version 7.1, Outokompu Research Oy at USF). Reactions
were solved using this program’s reaction equilibrium calculator, including cou-
pling phosphate (HPO42−) reduction to phosphite (HPO32−) with ammonium to
nitrate, hydrogen sulﬁde to sulfate, methane to carbon dioxide, MnO to MnO2,
Cr2O3 to CrO32−, H2 to H2O, and FeO to Fe2O3. Reactions were redox balanced
with H+ and H2O as needed, then solved for the reaction quotient K over from 0 °
C to 500 °C. The pH was assumed to be 7, when calculating for the fraction of P
reduced (Supplementary Fig. 2).
The redox-dependent chemistry of phosphorus on iron was investigated to
greater depth using the HSC equilibrium chemistry model, which uses the GIBBS
energy solver51 to determine equilibrium quantities and solve the reaction mass
balances. This program has been used previously to understand water-rock
transitions52, model Europa ocean chemistry53, and determine lightning promoted
rock vaporization thermodynamics54. Using this model, the phosphite to
phosphate ratio was calculated for various iron/iron oxide redox buffers. Species
considered include quartz (Q), iron metal (I), fayalite (F), wüstite (W), magnetite
(M), and hematite (H). Phosphite is produced at the highest yield in those models
that have iron or wüstite as starting reactants (Supplementary Fig. 3).
An Eh–pH diagram of phosphorus and iron is provided as Supplementary
Figs. 6, 7 to demonstrate the predicted P and Fe behaviors. This diagram was
designed using the Eh–pH module of HSC Chemistry, and was calculated at 25 °C
and 10−8 M, for both total P and total Fe. Alternatively, a P-speciﬁc Eh–pH
diagram can be found in previous work16.
A simple dissolution model was constructed to determine how much water was
required to reasonably dissolve all the phosphite formed by reduction in the HSC
Chemistry program. The equilibrium chemistry was calculated as a function of the
added solids FeO, Fe2O3 (2:1 by mole, 1:1 by Fe content) vivianite, strengite, and
the two phosphite salts FeHPO3 and Fe2(HPO3)3, with dissolution governing the
aqueous species by Fe2+, Fe3+, FeOH2+, FeOH+, Fe(OH)2+, Fe(OH)3−, Fe
(OH)4−, H3PO3, H3PO4, H2PO3−, H2PO4−, HPO32−, HPO42−, PO43−, H+, and
OH−. Thermodynamic data for vivianite and strengite controlled the solubility of
phosphate and iron in these systems10. The phosphite salt stabilities described in
Supplementary Table 1 controlled the solubility of phosphite. All calculations were
performed at 25 °C, and solved the volume of water needed to dissolve iron
phosphite completely at varied starting phosphite to phosphate ratios. The total
quantity of P was assumed to be 0.3 wt.%, as phosphate and phosphite. The pH of
the ﬂuid was set to 7.2, “buffered” in this case by H2S(aq) and Na2S in a 1:0.4 ratio.
Ferrous iron was added by inclusion of FeCl2 at amounts that completely dissolve
to Fe2+ concentrations of either 10−6 or 10−3 M.
A second model determined the steady-state concentration of phosphite from
abiotic sources. At steady state, the amount of phosphite released from rock is
expected to balance the amount of phosphite oxidized by abiotic processes,
ignoring further oxidation from biological sources, summarized by:
λFHT
MOcean
¼ ½P3þ lnð2Þ
t1=2
ð1Þ
where λ is the molarity of phosphite in the dissolving rock, FHT is the ﬂux of
hydrothermal ﬂuid carrying this concentration of phosphite (estimated55 as ~1015
kg/yr for modern day), MOcean is the mass of the ocean (1021 kg), [P3+] is the
steady-state concentration (molarity) of phosphite in the ocean, globally, and t1/2 is
the oxidative half-life of phosphite. Assumed phosphite concentrations at steady
state, then yield a relationship between λ and t1/2, as neither have values that are
well constrained at present. In this approach, the possibility of phosphite dilution
or decreased yield from rock is thus factored in by altering lambda.
Solid oxidation experiments. Fe(H2PO3)2 was synthesized by the acid-metal
method as follows: a solution of phosphorous acid (H3PO3, 1 M) was prepared in
20 mL deionized water. The iron-metal powder (325 mesh, 3.351 g) was slowly
added with stirring and was left overnight under ﬂowing N2 gas. The precipitate
was collected by vacuum ﬁltration, then dried under vacuum for 12 h before
analysis.
Thermogravimetric Analysis (TGA) was performed using a TGA-50 (Shimadzu
Scientiﬁc Instruments at KSU). A 9.700 mg sample of Fe(H2PO3)2 × 2H2O was
heated under air in an aluminum pan with a ramp rate of 10 °C/min between room
temperature and 130 °C and a ramp rate of 5 °C/min between 130 and 500 °C, with
mass and sample temperature measured at each second (Supplementary Fig. 4).
Microbial divergence. Two bacterial species capable of utilizing phosphite are
Pseudomonas stutzeri and Prochlorococcus. Both are capable of utilizing phosphite
as a sole phosphorus source56, 57. The divergence of these two species was esti-
mated, using the TimeTree knowledge-base58. These results are consistent with
arguments made by previous workers17, 59.
Solutional oxidation experiments. A set of experiments were designed to measure
the oxidation of phosphite in aqueous solution under air. Two experiments were
set up to promote oxidation, employing iron metal. Iron metal initiates oxidation of
phosphite in the presence of oxygen60 by reacting with O2 to form OH radicals61,
which oxidize phosphite42. Two other experiments were set up in deionized water,
and a ﬁnal control experiment used no phosphite, only iron (to test P release from
the iron reagent).
The conditions of experiments are given in Supplementary Table 2. A total 30
mM of phosphite sodium phosphite hydrate (Na2HPO3·5H2O; >98 %; Riedel-
deHaën 04283, Seelze, Germany) was prepared in deionized water (volume: 20
mL). The pH of the solution was adjusted to 7.0 with sodium hydroxide (NaOH)
and nitric acid (HNO3). To initiate the oxidation of phosphite, ca. 572 mg of high-
purity iron powder (99+% <200 mesh; Alfa Aesar 00737, Ward Hill, MA) was
added into the solution (mg Fe/μmole HPO3= 0.95). The reaction vessels
(FalconTM 50mL polypropylene tubes) were tightly sealed to prevent evaporation,
that could cause a change in the concentrations of phosphite and the product
phosphate. Reaction temperatures were 4 ± 2 °C and 22 ± 2 °C. In order to prevent
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the oxidation of phosphite by ambient light, these experiments were performed in
the dark.
The concentration of phosphate produced by the oxidation of phosphite was
monitored during the course of experiments by extracting a small aliquot of
solution (100–150 μL) at 3 days, 35 days and 1901 days (=5 years, 2 months, and
13 days) and performing a colorimetric analysis using the malachite assay62, at Yale
University. We chose this assay because the malachite assay does not affect the
oxidation of phosphite during the analyses leading to artifacts, and its analytical
precision is ±20 μM (1 SD).
Experiments A9 and A10 (Supplementary Table 2) were designed to determine
whether the oxidation of phosphite occurs without iron powder at 4 °C and 22 °C,
respectively. Phosphate was not detected over the course of experiment, up to
1901 days (=ca. 5 years and 2 months), suggesting dissolved phosphite is
kinetically stable and is not oxidized without iron powder under air up to
1901 days (Supplementary Table 3). For sample A12 (see Supplementary Table 2),
iron powder was added in the deionized water to check the purity of iron powder.
No phosphate was derived from the iron powder over the course of experiment
(Supplementary Table 3).
These results suggest that phosphite is relatively stable even in oxygenated water
with half-lives of 1000–3000 years, depending on the temperature, and absent the
presence of an oxidizing catalyst capable of forming OH radicals. If the oxidation
reaction is ﬁrst-order with respect to O2, then at 10−5 × present atmospheric
level63, these half-lives might be about 108 years, implying very little oxidation over
even geologic timescales.
Biological oxidation model. We explore the plausibility that phosphite may be
oxidized by microbial activity in seawater. Three enzymes have been identiﬁed that
promote the oxidation of reduced inorganic phosphorus compounds: htxD, ptxD,
and BAP17. Both htxD and BAP use O2 as the electron acceptor in the oxidation
process, hence ptxD—which uses NAD+—is the most likely enzyme promoting
phosphite oxidation present before GOE17. The reaction is effectively:
HPO32−+NAD+==NADH+PO43−
The rate of oxidation of phosphite is given as59:
1
k
¼ 202:5½HPO23 
þ 0:245; ð2Þ
where [HPO32−] is the initial concentration of phosphite in micromoles/L, and k is
the initial oxidation rate or speciﬁc activity in micromoles per minute per mg of
ptxD, and the concentration of NAD+ is assumed to remain constant at 45 μM64.
The temperature is assumed to be 35 °C.
The oxidation half-life (t1/2) can thus be approximated as:
t1=2 ¼
½HPO23 
2k ´menz
; ð3Þ
where menz is the mass of the enzyme present per unit volume in the seawater. We
ﬁnd menz as:
menz ¼ Cd ´mcell ´ FPtox ´ Fenz ð4Þ
where Cd is the density of cells in seawater and is assumed65 to be ~106 cells/mL,
though this is likely a signiﬁcant overestimate over the depth of the ocean66. mcell is
the mass of individual bacterial cells, estimated here at about 1 pg, or 10−15 kg67.
FPt-ox is the fraction of cells capable of oxidizing the reduced phosphorus
compounds, estimated as 1%17. Finally, Fenz is the fraction of the cell mass of
phosphite-oxidizing microorganisms, that is ptxD. In their enzyme preparation
work, Costas et al.59 retrieved 2–5 mg of ptxD from 20 g of cells by wet weight,
though these organisms had overexpressed ptxD formation, and may not be the
representative of wild type enzyme production.
Using the above calculations, the biologic oxidation half-life vs. Fenz is provided
as Supplementary Fig. 5.
Data availability. All data generated or analyzed during this study are included
within the paper and its Supplementary Information ﬁles, and on the corre-
sponding author’s Research Gate (https://www.researchgate.net/publication/
324017979_Archean_phosphorus_speciation_data).
Received: 24 April 2017 Accepted: 15 March 2018
References
1. Broecker, W. S. Ocean chemistry during glacial time. Geochim. Cosmochim.
Acta 46, 1689–1705 (1982).
2. Berner, R. A. Phosphate removal from sea water by adsorption on
volcanogenic ferric oxides. Earth Planet. Sci. Lett. 18, 77–86
(1973).
3. Bjerrum, C. J. & Canﬁeld, D. E. Ocean productivity before about 1.9 Gyr ago
limited by phosphorus adsorption onto iron oxides. Nature 417, 159–162
(2002).
4. Jones, C., Nomosatryo, S., Crowe, S. A., Bjerrum, C. J. & Canﬁeld, D. E. Iron
oxides, divalent cations, silica, and the early earth phosphorus crisis. Geology
43, 135–138 (2015).
5. Konhauser, K. O., Lalonde, S. V., Amskold, L. & Holland, H. D. Was there
really an Archean phosphate crisis? Science 315, 1234–1234 (2007).
6. Planavsky, N. J. et al. The evolution of the marine phosphate reservoir. Nature
467, 1088–1090 (2010).
7. Feely, R. A., Trefry, J. H., Lebon, G. T. & German, C. R. The relationship
between P/Fe and V/Fe ratios in hydrothermal precipitates and dissolved
phosphate in seawater. Geophys. Res. Lett. 25, 2253–2256 (1998).
8. Fru, E. C., Hemmingsson, C., Holm, M., Chiu, B. & Iñiguez, E. Arsenic-
induced phosphate limitation under experimental early Proterozoic oceanic
conditions. Earth Planet. Sci. Lett. 434, 52–63 (2016).
9. Filippelli, G. M. & Delaney, M. L. Phosphorus geochemistry of equatorial
Paciﬁc sediments. Geochim. Cosmochim. Acta 60, 1479–1495 (1996).
10. Al-Borno, A. & Tomson, M. B. The temperature dependence of the solubility
product constant of vivianite. Geochim. Cosmochim. Acta 58, 5373–5378
(1994).
11. Pech, H. et al. Detection of geothermal phosphite using high-performance
liquid chromatography. Environ. Sci. Technol. 43, 7671–7675 (2009).
12. Pasek, M. & Block, K. Lightning-induced reduction of phosphorus oxidation
state. Nat. Geosci. 2, 553–556 (2009).
13. Mulkidjanian, A. Y., Bychkov, A. Y., Dibrova, D. V., Galperin, M. Y. &
Koonin, E. V. Origin of ﬁrst cells at terrestrial, anoxic geothermal ﬁelds. Proc.
Natl Acad. Sci. USA 109, E821–E830 (2012).
14. Pasek, M. A., Sampson, J. M. & Atlas, Z. Redox chemistry in the phosphorus
biogeochemical cycle. Proc. Natl Acad. Sci. USA 111, 15468–15473 (2014).
15. Van Mooy, B. A. S. et al. Major role of planktonic phosphate reduction in the
marine phosphorus redox cycle. Science 348, 783–785 (2015).
16. Pasek, M. A. Rethinking early earth phosphorus geochemistry. Proc. Natl
Acad. Sci. USA 105, 853–858 (2008).
17. White, A. K. & Metcalf, W. W. Microbial metabolism of reduced phosphorus
compounds. Annu. Rev. Microbiol. 61, 379–400 (2007).
18. Kamat, S. S., Williams, H. J. & Raushel, F. M. Intermediates in the
transformation of phosphonates to phosphate by bacteria. Nature 480,
570–573 (2011).
19. Schink, B. & Friedrich, M. Bacterial metabolism: phosphite oxidation by
sulphate reduction. Nature 406, 37–37 (2000).
20. Papineau, D., Mojzsis, S. J. & Schmidt, A. K. Multiple sulfur isotopes from
Paleoproterozoic Huronian interglacial sediments and the rise of atmospheric
oxygen. Earth Planet. Sci. Lett. 255, 188–212 (2007).
21. Kaufman, A. J. et al. Late Archean biospheric oxygenation and atmospheric
evolution. Science 317, 1900–1903 (2007).
22. Anbar, A. D. et al. A whiff of oxygen before the great oxidation event? Science
317, 1903–1906 (2007).
23. Pasek, M. A. Schreibersite on the early earth: scenarios for prebiotic
phosphorylation. Geosci. Front. 8, 329–335 (2017).
24. Bryant, D. E. & Kee, T. P. Direct evidence for the availability of reactive, water
soluble phosphorus on the early earth. H-Phosphinic acid from the Nantan
meteorite. Chem. Commun. 22, 2344–2346 (2006).
25. Pasek, M. A., Harnmeijer, J. P., Buick, R., Gull, M. & Atlas, Z. Evidence for
reactive reduced phosphorus species in the early Archean ocean. Proc. Natl
Acad. Sci. USA 110, 10089–10094 (2013).
26. Nutman, A. P., Bennett, V. C., Friend, C. R., Horie, K. & Hidaka, H. ~3,850
Ma tonalites in the Nuuk region, Greenland: geochemistry and their
reworking within an Eoarchaean gneiss complex. Contrib. Mineral. Petrol.
154, 385–408 (2007).
27. Nutman, A. P., Mojzsis, S. J. & Friend, C. R. Recognition of ≥3850 Ma water-
lain sediments in west Greenland and their signiﬁcance for the early Archaean
earth. Geochim. Cosmochim. Acta 61, 2475–2484 (1997).
28. Manning, C. E., Mojzsis, S. J. & Harrison, T. M. Geology, age and origin of
supracrustal rocks at Akilia, west Greenland. Am. J. Sci. 306, 303–366 (2006).
29. Whitehouse, M. J., Kamber, B. S. & Moorbath, S. Age signiﬁcance of U–Th–Pb
zircon data from early Archaean rocks of west Greenland—a reassessment
based on combined ion-microprobe and imaging studies. Chem. Geol. 160,
201–224 (1999).
30. Whitehouse, M. J., Myers, J. S. & Fedo, C. M. The Akilia controversy: ﬁeld,
structural and geochronological evidence questions interpretations of 3.8 Ga
life in SW Greenland. J. Geol. Soc. 166, 335–348 (2009).
31. Grifﬁn, W. L., McGregor, V. R., Nutman, A., Taylor, P. N. & Bridgwater, D.
Early Archaean granulite-facies metamorphism south of Ameralik, west
Greenland. Earth Planet. Sci. Lett. 50, 59–74 (1980).
32. Rosing, M. T., Rose, N. M., Bridgwater, D. & Thomsen, H. S. Earliest part of
earth’s stratigraphic record: a reappraisal of the 3.7 Ga Isua (Greenland)
supracrustal sequence. Geology 24, 43–46 (1996).
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03835-3
6 NATURE COMMUNICATIONS |  (2018) 9:1346 | DOI: 10.1038/s41467-018-03835-3 | www.nature.com/naturecommunications
33. Myers, J. S. Protoliths of the 3.8–3.7 Ga Isua greenstone belt, west Greenland.
Precambrian Res. 105, 129–141 (2001).
34. Fedo, C. M. & Whitehouse, M. J. Metasomatic origin of quartz-pyroxene rock,
Akilia, Greenland, and implications for earth’s earliest life. Science 296,
1448–1452 (2002).
35. Lepland, A. & Whitehouse, M. J. Metamorphic alteration, mineral paragenesis
and geochemical re-equilibration of early Archean
quartz–amphibole–pyroxene gneiss from Akilia, southwest Greenland. Int. J.
Earth Sci. 100, 1–22 (2011).
36. Appel, P. W., Fedo, C. M., Moorbath, S. & Myers, J. S. Early Archaean Isua
supracrustal belt, west Greenland: pilot study of the Isua multidisciplinary
research project. Geol. Greenl. Surv. Bull. 180, 94–99 (1998).
37. Lepland, A., Arrhenius, G. & Cornell, D. Apatite in early Archean Isua
supracrustal rocks, southern west Greenland: its origin, association with
graphite and potential as a biomarker. Precambrian Res. 118, 221–241 (2002).
38. Friend, C. R., Nutman, A. P., Bennett, V. C. & Norman, M. D. Seawater-like
trace element signatures (REE+Y) of Eoarchaean chemical sedimentary rocks
from southern west Greenland, and their corruption during high-grade
metamorphism. Contrib. Mineral. Petrol. 155, 229–246 (2008).
39. Wolery, T. J. & Sleep, N. H. Hydrothermal circulation and geochemical ﬂux at
mid-ocean ridges. J. Geol. 84, 249–275 (1976).
40. Cosmidis, J. et al. Biomineralization of iron-phosphates in the water column
of Lake Pavin (Massif Central, France). Geochim. Cosmochim. Acta 126, 78–96
(2014).
41. Poulton, S. W. & Canﬁeld, D. E. Co-diagenesis of iron and phosphorus in
hydrothermal sediments from the southern east Paciﬁc Rise: implications for
the evaluation of paleoseawater phosphate concentrations. Geochim.
Cosmochim. Acta 70, 5883–5898 (2006).
42. Pasek, M. A., Kee, T. P., Bryant, D. E., Pavlov, A. A. & Lunine, J. I. Production
of potentially prebiotic condensed phosphates by phosphorus redox
chemistry. Angew. Chem. Int. Ed. 47, 7918–7920 (2008).
43. Papineau, D. Global biogeochemical changes at both ends of the Proterozoic:
insights from phosphorites. Astrobiology 10, 165–181 (2010).
44. Lepland, A., Melezhik, V. A., Papineau, D., Romashkin, A. E. & Joosu, L. In
Reading the Archive of Earth’s Oxygenation, Vol. 3 (eds Melezhik, V. A.
et al.) 1275–1296 (Springer, Berlin, Heidelberg, 2013).
45. van Zuilen, M. A. et al. Graphite and carbonates in the 3.8 Ga old Isua
supracrustal belt, southern west Greenland. Precambrian Res. 126, 331–348
(2003).
46. Dauphas, N. et al. Clues from Fe isotope variations on the origin of early
Archean BIFs from Greenland. Science 306, 2077–2080 (2004).
47. Fluck, E. in Inorganic Chemistry,Part of the 'Fortschritte der chemischen
Forschung' book series, Vol. 35/1. 1–64 (Springer, Berlin, Heidelberg, 1973).
48. Ivey, M. M. & Foster, K. L. Detection of phosphorus oxyanions in synthetic
geothermal water using ion chromatography–mass spectrometry techniques. J.
Chromatogr. A 1098, 95–103 (2005).
49. Pech, H. et al. Elucidating the redox cycle of environmental phosphorus using
ion chromatography. J. Chromatogr. Sci. 49, 573–581 (2011).
50. Han, C. et al. Phosphite in sedimentary interstitial water of Lake Taihu, a large
eutrophic shallow lake in China. Environ. Sci. Technol. 47, 5679–5685 (2013).
51. White, W. B., Johnson, S. M. & Dantzig, G. B. Chemical equilibrium in
complex mixtures. J. Chem. Phys. 28, 751–755 (1958).
52. Pirim, C. et al. Investigation of schreibersite and intrinsic oxidation products
from Sikhote-Alin, Seymchan, and Odessa meteorites and Fe3P and Fe2NiP
synthetic surrogates. Geochim. Cosmochim. Acta 140, 259–274 (2014).
53. Pasek, M. A. & Greenberg, R. Acidiﬁcation of Europa’s subsurface ocean as a
consequence of oxidant delivery. Astrobiology 12, 151–159 (2012).
54. Pasek, M. A. & Hurst, M. A fossilized energy distribution of lightning. Sci. Rep.
6, 30586 (2016).
55. Stein, C. A. & Stein, S. Constraints on hydrothermal heat ﬂux through the
oceanic lithosphere from global heat ﬂow. J. Geophys. Res.: Solid Earth 99(B2),
3081–3095 (1994).
56. Metcalf, W. W. & Wolfe, R. S. Molecular analysis of phosphite and
hypophosphite oxidation by Pseudomonas stutzeri WM88. J. Bacteriol. 180,
5547–5558 (1998).
57. Martínez, A., Osburne, M. S., Sharma, A. K., Delong, E. F. & Chisholm, S. W.
Phosphite utilization by the marine picocyanobacterium Prochlorococcus
MIT9301. Environ. Microbiol. 14, 1363–1377 (2012).
58. Hedges, S. B., Marin, J., Suleski, M., Paymer, M. & Kumar, S. Tree of life
reveals clock-like speciation and diversiﬁcation. Mol. Biol. Evol. 32, 835–845
(2015).
59. Costas, A. M. G., White, A. K. & Metcalf, W. W. Puriﬁcation and
characterization of a novel phosphorus-oxidizing enzyme from Pseudomonas
stutzeri WM88. J. Biol. Chem. 276, 17429–17436 (2001).
60. Pasek, M. A. & Lauretta, D. S. Aqueous corrosion of phosphide minerals from
iron meteorites: a highly reactive source of prebiotic phosphorus on the
surface of the early earth. Astrobiology 5, 515–535 (2005).
61. Li, X. Q., Elliott, D. W. & Zhang, W. X. Zero-valent iron nanoparticles for
abatement of environmental pollutants: materials and engineering aspects.
Crit. Rev. Solid State Mater. Sci. 31, 111–122 (2006).
62. Lanzetta, P. A., Alvarez, L. J., Reinach, P. S. & Candia, O. A. An improved
assay for nanomole amounts of inorganic phosphate. Anal. Biochem. 100,
95–97 (1979).
63. Bekker, A. & Holland, H. D. Oxygen overshoot and recovery during the early
Paleoproterozoic. Earth Planet. Sci. Lett. 317, 295–304 (2012).
64. Blinova, K. et al. Distribution of mitochondrial NADH ﬂuorescence lifetimes:
steady-state kinetics of matrix NADH interactions. Biochemistry 44,
2585–2594 (2005).
65. Wilcox, R. M. & Fuhrman, J. A. Bacterial viruses in coastal seawater: lytic
rather than lysogenic production. Mar. Ecol. Prog. Ser. 114, 35–45 (1994).
66. Karner, M. B., DeLong, E. F. & Karl, D. M. Archaeal dominance in the
mesopelagic zone of the Paciﬁc Ocean. Nature 409, 507–510 (2001).
67. Loferer-Krößbacher, M., Klima, J. & Psenner, R. Determination of bacterial
cell dry mass by transmission electron microscopy and densitometric image
analysis. Appl. Environ. Microbiol. 64, 688–694 (1998).
Acknowledgements
This work was jointly supported by NSF and the NASA Astrobiology Program, under the
NSF Center for Chemical Evolution, CHE-1504217, and by National Aeronautics and
Space Administration Exobiology grants NNX14AN96G and NNX13AJ36G, and a
National Research Foundation of Korea grant (NRF-2015R1D1A1A01060499).
Author contributions
B.H. and M.A.P. wrote the paper and led the research. S.J.C., R.B., and A.L. procured
Archean rock samples. S.J.C. and R.B. determine phosphite oxidation rates in solution. H.
A.-L. determined oxidation kinetics of ferrous phosphite. J.S. and Z.A. led
HPLC–ICP–MS analysis and Z.A. performed ICP–OES analysis. T.P.K. and B.H. per-
formed NMR and experimental runs. M.A.P. performed modeling.
Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-03835-3.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2018
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03835-3 ARTICLE
NATURE COMMUNICATIONS |  (2018) 9:1346 | DOI: 10.1038/s41467-018-03835-3 | www.nature.com/naturecommunications 7
